The three moderate-sized shallow-focus earthquakes namely, the 1986 Dharamsala earthquake (M w = 5.5), the 1991 Uttarkashi earthquake (M w = 6.8), and the 1999 Chamoli earthquake (M w = 6.5) occurred in the Himalayan region. The Dharamsala earthquake occurred in the Kangra region of Himachal Lesser Himalaya, at the north-western edge of the rupture zone of great Kangra earthquake of 1905. This earthquake was recorded at nine stations of the Kangra strong motion array, deployed in the epicentral track of the Kangra earthquake in Himachal Pradesh [1] . The two moderate earthquakes, viz., the Uttarkashi earthquake and the Chamoli earthquake, occurred in the Garhwal Himalaya that form part of the Western Himalaya. These earthquakes caused severe damage in and around the Uttarkashi and Chamoli regions. The epicenters of these earthquakes were located in the seismic gap postulated between the rupture zones of the 1905 Kangra earthquake (M w~8 .0) and the 1934 Bihar-Nepal earthquake (M w~8 .4) [2] . The Uttarkashi earthquake was recorded at thirteen stations while the Chamoli earthquake was recorded at eleven stations of the strong motion array, deployed in the Garhwal and Kumaun Himalaya [3] . The purpose of this array was to measure the strong ground motion due to gap-filling earthquakes that were expected in the seismic gap. The strong motion recordings of these three moderate earthquakes have been analyzed for the purpose of identifying near-fault pulses. To allow for pulse detection, standard methodology proposed by [4] has been adopted. Near-fault pulses are attributed to forward directivity, fling, hanging wall and vertical effects [5] . Forward directivity occurs when the fault rupture propagates towards the site with a velocity close to the shear wave velocity. Further, sudden tectonic motions due to an earthquake can produce impulsive motions leading to permanent displacements at the site. Such motions have one sided velocity pulses [6, 7] . Pulse-type ground motions possess immense damage potential, specifically for intermediate and longperiod structures [8] . Out of 33 strong ground motion recordings, only three recordings showed pulse-type characteristics. A brief description of the methodology employed for pulse detection, followed by comparison of spectral characteristics of near-
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The three moderate-sized shallow-focus earthquakes namely, the 1986 Dharamsala earthquake (M w = 5.5), the 1991 Uttarkashi earthquake (M w = 6.8), and the 1999 Chamoli earthquake (M w = 6.5) occurred in the Himalayan region. The Dharamsala earthquake occurred in the Kangra region of Himachal Lesser Himalaya, at the north-western edge of the rupture zone of great Kangra earthquake of 1905. This earthquake was recorded at nine stations of the Kangra strong motion array, deployed in the epicentral track of the Kangra earthquake in Himachal Pradesh [1] . The two moderate earthquakes, viz., the Uttarkashi earthquake and the Chamoli earthquake, occurred in the Garhwal Himalaya that form part of the Western Himalaya. These earthquakes caused severe damage in and around the Uttarkashi and Chamoli regions. The epicenters of these earthquakes were located in the seismic gap postulated between the rupture zones of the 1905 Kangra earthquake (M w~8 .0) and the 1934 Bihar-Nepal earthquake (M w~8 .4) [2] . The Uttarkashi earthquake was recorded at thirteen stations while the Chamoli earthquake was recorded at eleven stations of the strong motion array, deployed in the Garhwal and Kumaun Himalaya [3] . The purpose of this array was to measure the strong ground motion due to gap-filling earthquakes that were expected in the seismic gap. The strong motion recordings of these three moderate earthquakes have been analyzed for the purpose of identifying near-fault pulses. To allow for pulse detection, standard methodology proposed by [4] has been adopted. Near-fault pulses are attributed to forward directivity, fling, hanging wall and vertical effects [5] . Forward directivity occurs when the fault rupture propagates towards the site with a velocity close to the shear wave velocity. Further, sudden tectonic motions due to an earthquake can produce impulsive motions leading to permanent displacements at the site. Such motions have one sided velocity pulses [6, 7] . Pulse-type ground motions possess immense damage potential, specifically for intermediate and longperiod structures [8] . Out of 33 strong ground motion recordings, only three recordings showed pulse-type characteristics. A brief description of the methodology employed for pulse detection, followed by comparison of spectral characteristics of near-fault pulse-type ground motions of the three Himalayan earthquakes with the Indian seismic (IS: 1893 (Part1): 2002) codal spectra forms the subject matter of this paper.
Parameters of the Studied Earthquakes
The parameters of the three moderate earthquakes in terms of their locations, origin times, magnitudes, and fault-plane solutions are listed in Table 1 and Table 2 . The 1986 Dharamsala earthquake occurred in the Himachal Lesser Himalaya north of Dharamsala at an epicentral distance of 6 km and at a depth of about 7 km. The region falls in seismic zone V of the seismic zoning map of India and can experience a probable maximum expected intensity of IX or more on the MM or MSK scales [9] . Dharamsala city lies in the vicinity of the Main Boundary Thrust (MBT), and the Main Central Thrust (MCT) falls further to the north at a distance of about 25 km. The large number of earthquakes that occur between the MCT and the MBT define a belt, called the Main Himalayan Seismic Belt [10] . The Dharamsala earthquake has shown reverse faulting with right lateral strikeslip motion. The occurrence of this earthquake has been correlated with the southwest dipping splay between the MCT and the MBT [11] . The isoseismals of the 1986 Dharamsala earthquake are oval-shaped with the longest axis in the northwestsoutheast direction, and a maximum epicentral intensity of VIII on the MM scale was reported. The geometry of the isoseismals shows that attenuation of ground motion due to this earthquake has been more towards the northwest as compared to southeast [11] .
The 1991 Uttarkashi earthquake occurred at a shallow depth of about 10 km north of the MCT in the Garhwal Himalaya. The epicenter of this earthquake fell at a distance of about 30 km northeast of the Uttarkashi station. The observed maximum epicentral intensity was IX on the MM scale in a region about 10 sq km around the epicentral zone. The observed intensity at Bhatwari and Uttarkashi stations were VIII+ on the MM scale [12] . The style of faulting associated with this earthquake as revealed from the fault-plane solutions given by various investigators indicated a low-angle thrust mechanism [10, [13] [14] [15] . On the basis of isoseismals, iso-accelerations, aftershock locations and regional tectonics, the most probable source of this earthquake has been the Munsiari thrust, and the rupture seems to have propagated in the north to northwest direction [12, 16] . The strong ground motion simulated using the envelope summation technique shows that the resultant envelope follows important strong motion characteristics such as directivity and attenuation effects, since the propagation of the rupture is towards Bhatwari along the modeled Munsiari thrust [16] .
The 1999 Chamoli earthquake occurred about 100 km southeast of the 1991 Uttarkashi earthquake in the Garhwal Himalaya as a result of thrust faulting at a shallow depth of about 15 km [10] . The maximum intensity VIII on the MSK scale was observed in a region bound by the MCT to the north and the Alaknanda fault to the south [10] . The affected region lies in the seismic zone V of the seismic zoning map of India and the maximum anticipated intensity is IX or more in seismic zone V [9] . No expression of surface faulting was observed, however, the orientation of the elongated isoseismals indicated that the rupture seems to have propagated in a direction from east-northeast to west-southwest [17] . As the geometry of the largest intensity isoseismal is governed by the direction and style of rupture, the elongated isoseismal VII in the west-southwest to east-northeast direction indicates the strike of the fault and slip direction. It was observed that maximum damage was in the strike direction at some distance from the epicenter, and damage was lesser near the epicenter normal to strike direction. This was attributed to a slip that occurred on a low-angle thrust fault [17] .
Methodology Adopted for Pulse Detection
The ground motion records (transverse (T) and longitudinal (L) components) obtained from the Dharamsala, Uttarkashi and Chamoli earthquakes have been analyzed with respect to source-site distance and peak ground acceleration (PGA) in order to select the strong ground motion records that may contain near-fault pulse in their ground motion. The 1986 Dharamsala earthquake was recorded by nine strong motion accelerographs placed at epicentral distances ranging from 5 km to 25 km. 13 strong-motion accelerographs were triggered during the 1991 Uttarkashi earthquake. These accelerographs were located at distances ranging between 20 and 150 km from the epicenter. The 1999 Chamoli earthquake was recorded by eleven strong motion accelerographs located at distances ranging from 10 km to 120 km from the epicenter. Near-fault pulses are normally observed in the strong motion recordings obtained within 20 to 30 km from the epicenter [5, 18] . From the analysis of nearfault strong ground motion recordings of small and moderate earthquakes with peak ground accelerations (PGA) above 0.2 g (PGA ≥ 0.2 g), [19] concluded that such recordings may contain near-fault pulses. Therefore, from the available 33 recordings, only three recordings within 30 km of epicenters (D ≤ 30 km) and with PGA ≥ 0.2 g were selected for pulse detection (Table 3). The epicenters of the three earthquakes along with the three station-locations are shown in the Fig. 1 .
Several models have been developed by various researchers to represent near-fault pulses [20] [21] [22] [23] [24] [25] [26] . These models are known as Equivalent Velocity Pulse (EVP) models. Mainly three parameters have been used to describe various types of pulse models, namely, the amplitude, the time-period, and the shape of the velocity pulse. Various pulse shapes have been used in the pulsemodels to represent the observed pulses in the velocity timehistory. Several mathematical techniques including some signal processing techniques have been adopted to represent the complex character of the velocity pulses. In recent years, the wavelet technique has been employed to extract pulse waveforms and the periods of velocity pulses from the velocity time-histories [4, 21, 27] . In the present work, the methodology proposed by [4] , which is based on wavelet theory, has been applied on the three selected strong ground motion records that possibly contain near-fault pulses. Wavelet analysis is a new mathematical technique widely applied in signal processing. This technique is found to be much suitable to study non-stationary processes compare to the Fourier transform technique [28, 29] . The pulse-period forms a key parameter for structural engineers because the structural response due to pulse waveform or pulse-type motion depends on the ratio of fundamental period of the structure to the pulse-period [20, 21, [30] [31] [32] [33] [34] [35] . The wavelet analyses adopted by [4] have been implemented to extract the largest velocity pulse from a given ground motion for the purpose of finding the pulse-period (Tp) and location of the pulse in the velocity time-history. The pulse extracted using this procedure clearly captures the velocity pulse while filtering the high frequency ground motion contained in the original ground motion. This high frequency ground motion, after extracting the pulse from the original time-history, is called residual time-history. This technique can be used to extract a pulse from any type of ground motion whether a significant directivity pulse exists or not. The significance of pulse-type ground motion depends on the difference between residual and original time-history. Two predictor variables, i.e., peak ground velocity (PGV) ratio of the residual time-history to original time-history, and the energy ratio of the residual time-history to original timehistory, have been adopted as Pulse Indicator (PI) to predict the likelihood that a given record is pulse like or non-pulse like [4] . If the value of PI is above 0.85, the record contains pulse-type ground motion; and if the value is below 0.15, the record is nonpulse type. For computing PI the following expression Eq. (1) has been used [4] . PI = 1 1+exp(−23.3+14.6(PGVratio)+20.5(Energyratio)) . . . (1) As the pulse-type ground motion due to directivity effect is more dominant in the FN direction [36] , the recorded timehistories at Shapur, Bhatwari and Gopeshwar stations were oriented in FN direction for pulse extraction. For this purpose, the fault-plane solutions given in Table 2 have been adopted, and the method suggested by [36] has been used. The largest velocity pulses have been extracted, and their pulse-periods and pulse-indicators were predicted from these three fault-normal components using seven mother wavelets (Table 4) . Daubechies (db4 and db7), Haar (haar), Symlet (sym4), Coiflets (coif2) are orthogonal wavelets, whereas, Reverse Biorthogonal (rbio2.4) and Biorspline (bior1.3) are bi-orthogonal wavelets [27] . The period associated with the maximum Fourier amplitude of a wavelet-pulse can be used to define a pseudo-period or pulseperiod (Tp) of the largest associated wavelet coefficient. This wavelet based pulse-period is free from user judgment and provides best pulse-period along with its occurrence in space and time [4] . Different mother wavelets, because of their variability, gave different values of pulse-indicators (PIs) and pulse-periods of the extracted long-period velocity pulses as tabulated in Table 4. It is evident from these values that at Shapur and Bhatwari stations, both Daubechies wavelets db4 and db7 are capable of extracting the pulse from the velocity time-history efficiently, as both have pulse-indicators (PIs) above 0.85. However, at Gopeshwar station, all the seven mother wavelets were capable of extracting the near-fault pulse from the ground motion since they had pulse-indicators (PIs) above 0.85. The FN component and respective extracted pulses using different mother wavelets, having pulse-indicators greater than 0.85 (PI > 0.85) at Shapur, Bhatwari and Gopeshwar stations are shown in Fig. 2 to Fig. 4 . No fling-step effect has been considered in pulse detection because the wavelet basis functions used for pulse extraction have zero residual displacement, so fling effect will not be detected [4] .
Interpretation of Results
The pulse-periods (pseudo-period, Tp) of the estimated ground motion are different for extracted pulses which are associated with different type of mother wavelets. However, it is important to decide that which wavelet is better for extracting the parameters of the pulse-type ground motion amongst the seven mother wavelets. Researcher [20] estimated the pulseperiod (Tvp) of the velocity pulse by identifying a clear and global peak in the spectral-velocity response spectrum of the ground motion. This allowed for the estimation of pulse-period or equivalent pulse-period (Tvp) unequivocally. Researcher [34] found slightly higher value of pulse-period (Tp) compared to the value of pulse-period (Tvp) which they estimated from spectralvelocity response spectra using the method of zero crossing times, and the times at which velocity is equal to 10% of the peak velocity for the pulse. Further, it can be inferred from the wavelet analysis that the estimated pulse-period (Tp) is generally larger than the pulse-period (Tvp) estimated from spectral velocity response spectra [4] . Based on these studies, the estimated near-fault ground motions from three Himalayan earthquakes have been interpreted.
Shapur Station: The orientation of recorded transverse (T) component of time-history at Shapur station due to the 1986 Dharamsala earthquake, demonstrated that it is in the FN direction provided that the fault-plane solution given by [37] is considered as the focal mechanism. The analysis of this record has been carried out using seven mother wavelets and the results obtained are listed in Table 4 . It is evident from the values that both Daubechies wavelets db4 and db7 are capable of extracting the pulse-form from the velocity time history efficiently as both have pulse-indicators (PIs) above 0.85 and pulse-periods (Tp) of 0.53 sec and 0.52 sec respectively. However, the other wavelets are unable to extract the pulse-form efficiently from the recorded ground motion as the values of pulse-indicators (PIs) are below 0.85. The spectral velocity curves of recorded ground motion and pulses identified using the two mother wavelets (db4 and db7) are plotted in Fig. 5 . The plot shows that pulse-period (Tvp) associated with spectral velocity of ground motion is 0.4 sec. By examining the shapes of the spectral velocity curves, it is observed that the pulse obtained using db7 wavelet is close to the pulse hidden in the ground motion, because spectral velocity curve of db7 wavelet is well matched and showed almost same trend as that of the spectral velocity curve of the recorded original ground motion in the intermediate-period-range compared to the pulse shape obtained using db4 wavelet. Hence, db7 wavelet is more efficient in extracting the pulse having pulseperiod (Tp) 0.52 sec and pulse-indicator (PI) 0.94 than other wavelets at this station. Further, the value of pulse-indicator using db7 is larger than the value of pulse-indicator obtained from db4, which is 0.90. Bhatwari Station: On the similar lines, for obtaining FN component at Bhatwari station due to the 1991 Uttarkashi earthquake, the fault-plane solution given by [14] has been used. The velocity time-history of the FN component has been analyzed using seven mother wavelets. The extracted pulse-indicators and pulse-periods from the velocity time-history of the FN component are listed in Table 4 . It is found that from the seven mother wavelets, Daubechies wavelets, db4 and db7, allowed the extraction of the pulse-form from the FN component as the values of pulse-indicators (PIs) are above 0.85. The values of pulse-indicators obtained using seven mother wavelets including wavelets db4 and db7 vary between 0.36 and 0.93. All the computed values of pulse-indicators are above 0.15 and show the varying pulsivity along with varying pulse-periods between 0.78 sec and 1.30 sec. Computed spectral velocity curves of the FN component and the pulses extracted by db4 and db7 are shown in Fig. 6 . Considering these variations in pulse-periods, and trend of the spectral velocity curve of FN component, it can be concluded that pulse-period (Tvp) associated with spectral velocity of FN component of ground motion is 1.30 sec. From the comparison of these spectral velocity curves, it is observed that pulse obtained by db7 wavelet is close to the pulse hidden in the FN component of ground motion because spectral velocity curve of db7 wavelet is well matched with almost similar trend with that of the FN component of ground motion in intermediate-period range. Thus, it is seen that db7 wavelet is more efficient than other wavelets in extracting the long-period pulse from the FN component of the ground motion. The estimated pulse-period (Tp) by using db7 mother wavelet is 1.30 sec which is equal to spectral pulse-period (1.30 sec) of the FN component. Further, the value of pulse-indicator (PI) using db7 is 0.93 which is greater than that of wavelet db4.
Gopeshwar Station: The FN component of ground motion at Gopeshwar station due to the 1999 Chamoli earthquake has been computed using the fault-plane solution given by [38] . The velocity time-history of the FN component has been analyzed for pulse detection adopting the seven mother wavelets. All the seven mother wavelets were capable of extracting the near-fault pulse from the computed FN component of ground motion, and it has been found that all mother wavelets gave values of pulseindicator (PI) above 0.85 with not much variation. However, a large variation in pulse-period between 1.08 sec and 1.84 sec has been observed as listed in Table 4 . All the seven wavelets have pulse-indicators (PIs) above 0.85, and it is important to decide which wavelet is better in extracting the parameters of the pulse-type ground motion. This can be achieved from the comparative study between pulse-periods (Tp) obtained using different wavelets and the spectral pulse-period (Tvp) of the FN component of ground motion, and by comparing the spectral shapes of extracted pulse-forms using seven mother wavelets with the spectral shape of the FN component of ground motion as shown in Fig. 7 . Considering the variation in pulse-periods of extracted pulses, and time-periods associated with the peaks of the spectral velocity curve of the FN component, a long-period peak at 1.36 sec (Tvp) has been observed. The period of this peak is above 1 sec, and is interpreted as spectral pulse-period (Tvp). The pulse-periods of extracted pulses for computed FN component are found to be less than 1.36 sec (Tvp) using haar and bior1.3 wavelets. Whereas, the pulse-periods obtained using coif2 and rbio2.4 wavelets are much higher than the spectral pulse-period (Tvp). However, pulse-periods obtained adopting db4, db7 and sym4 wavelets are slightly higher but closer to the spectral pulse-period (Tvp) of the FN component compared to pulse-periods obtained using other wavelets. Comparison of the spectral velocity curves of extracted pulses using db4, db7 and sym4 wavelets with spectral velocity curve of FN component of ground motion has revealed that spectral peak of sym4 extracted pulse occurs before the long-period peak of FN component of ground motion. Further, the trends of the spectral curves obtained using db4 and db7 wavelets are very well correlated with the trend of spectral curve of FN component of ground motion. The matching in the trends of the curves seems to be more consistent above one sec period. From the above discussion, it is concluded that both mother wavelets (db4 and db7) are found to be better in extracting the pulse-form from the ground motion with pulse-periods (Tp) of 1.40 sec and 1.39 sec, respectively. Fig. 8 shows the comparison of the normalized acceleration response spectra obtained from three near-fault FN components of ground motions of three moderate Himalayan earthquakes with the response spectra given in the Indian seismic code (IS 1893, Part 1). It is evident from this figure that spectral amplitudes are increasing at all periods with the increase in magnitudes, and show peaks in their elastic response spectra due to near-fault pulses in the time-history. Comparison of the three response spectra also shows that spectral amplitudes for smaller According to the IS code [9], the Shapur and Gopeshwar stations are located in zone V whereas, Bhatwari station falls in zone IV, and all these three stations are located on hard rock. Fig. 9 shows a comparison of velocity spectra of the FN and transverse (T) components of ground motions at Shapur and Gopeshwar stations with codal velocity spectra, whereas, the similar comparison at Bhatwari station is shown in Fig. 10 . These figures show that the characteristics of the near-fault ground motions are more clearly revealed in the velocity spectra, when compared with the codal velocity spectra. It is seen that the FN component of ground motion is more severe than the transverse (T) component of ground motion at the Gopeshwar and Bhatwari stations. A comparison of the codal velocity spectra with the velocity spectra at Shapur station has demon- Fig. 8 . Comparison of normalized accleration spectra for three near-fault fault-normal (FN) components of ground motions with Indian codal spectra strated that the buildings designed according to IS code are safe, and the near-fault pulse-type ground motion due to small earthquakes (M w~5 .5) is of little consequence. A comparison of the velocity spectra of FN component at Gopeshwar station with the codal velocity spectra showed that the spectral values are on much higher side than the codal spectral values in the longperiod, ranging from 0.6 sec to 2.3 sec. This contrasting observation is due to the higher PGV/PGA ratio at Gopeshwar station compared to Shapur station, and is related to the size of the earthquake.
Velocity spectra of the FN component at Bhatwari station shows higher spectral values at long-periods from 0.5 sec to 3.1 sec compared to the codal velocity spectral values (Fig. 10) . This finding is in agreement with that at Gopeshwar station and is attributed to long-period pulse present in the velocity timehistory. Researcher [8] emphasized that for both the ordinary and pulse-like ground motions, the peak values of ground acceler- ation (PGA), velocity (PGV), and displacement (PGD) are the important response parameters. However, for near-fault pulsetype ground motion, the width of acceleration-sensitive region increases in the triparitite plot due to the high PGV/PGA ratio. To verify this observation, the tripartite plots of 5% damped elastic response spectra of FN components of ground motions at Shapur and Gopeshwar stations are compared with the codal response spectra for zone V in Fig. 11 . Similarly, the FN component at Bhatwari station is compared with the codal response spectra for zone IV in Fig. 11 . In these plots, the natural period "T" is along the horizontal axis, pseudo-spectral velocity along the vertical axis, pseudo-spectral acceleration along the -45 o axis, and the spectral displacement along the + 45 o axis. In the tripartite plot the middle region, with constant pseudo-spectral velocity, signifies the velocity-sensitive region, whereas; to the left and right of this region represent the acceleration-sensitive and displacement-sensitive regions re- spectively [35] . The amplitudes of PGA, PGV and PGD control the spectral amplitudes in these three regions, while the widths of the three regions depend on the ratios of PGV/PGA and PGD/PGV. The higher PGV/PGA ratio leads to the widening of acceleration-sensitive region, whereas the lower PGD/PGV ratio leads to the widening of displacement-sensitive region [8] . Table 5 shows a comparison of the widths of acceleration-sensitive region obtained from the tripartite plot of three near-fault FN ground motions (Fig. 11 ). Table 5 shows that at Shapur station the acceleration-sensitive region extends up to 0.35 sec because of the ground motion due to Dharamsala earthquake. This value is slightly less than the codal value of 0.40 sec. Considering the FN components of ground motions of the Uttarkashi and Chamoli earthquakes, the acceleration-sensitive regions at Bhatwari and Gopeshwar stations extend up to 0.65 sec and 0.53 sec, respectively. These values are higher than the codal value of 0.40 sec. These widenings of acceleration-sensitive regions are due to the higher PGV/PGA ratios for these two ground motions. The velocity-sensitive regions in the tripartite plot show that at Bhatwari and Gopeshwar stations the spectral amplitudes are higher than the codal spectral amplitudes (Fig. 11) . However, at Shapur station the spectral amplitudes are lower compared to the codal spectral amplitudes. In a nutshell, the acceleration-sensitive regions of near-fault ground motions for the Uttarkashi and Chamoli earthquakes are wider than the acceleration-sensitive region given by the IS code. Current IS code does not have a provision to include the effect of near-fault ground motions. In view of this there is a need to revise the design spectrum given in the IS code to incorporate the effect of near-fault ground motions for sites located in the vicinity of seismically active faults.
Conclusions
For the three Himalayan earthquakes, Daubechies mother wavelets of order four (db4) and seven (db7) are found to be more efficient in extracting the pulse-type characteristics from the near-fault strong ground motion recordings. However, the spectra of long-period pulses extracted using Daubechies mother wavelet of order seven (db7) are closer to the long-period spectral amplitudes of the FN components of ground motions at three sites. For the Dharamsala earthquake, FN component of ground motion at Shapur station showed pulse-type ground motion with the pulse-period (Tp) 0.52 sec and pulse-indicator 0.94. For the Uttarkashi and Chamoli earthquakes, computed FN components at Bhatwari and Gopeshwar stations showed pulse-type ground motion in their velocity time-histories. At Bhatwari and Gopeshwar stations the pulse-periods of FN components are 1.30 sec and 1.39 sec respectively.
A comparison of velocity spectra at Shapur station with codal spectra has demonstrated that the buildings designed according to the IS code are safe, and that the near-fault pulse-type ground motion produced due to small earthquakes (M w~5 .5) is of little consequence. The spectral values of FN component at Bhatwari station due to the Uttarkashi earthquake are much higher than the codal spectral values at intermediate and long periods.
The spectral values of FN component at Gopeshwar station due to the Chamoli earthquake are lower than the codal values by upto 0.4 sec, and then the spectral values increase upto 1.7 sec, with a hump at 0.8 sec which shows the effect of long-period component in the time-history. As a consequence of this, the response of structures and buildings with fundamental period above 0.4 sec designed using the IS code may not remain in the elastic range, and are likely to experience non-linear deformations and resulting damages.
At Shapur station the width of the acceleration-sensitive region is slightly less compared to the IS code and the spectral amplitudes are lower compared to the codal spectral amplitudes. This is attributed to small size of the Dharamsala earthquake compared to the Uttarkashi and Chamoli earthquakes. In a nutshell, the acceleration-sensitive regions due to near-fault ground motions of the Uttarkashi and Chamoli earthquakes have higher width than that given by the IS code. Because of this, the structures designed to be flexible in the intermediate-period and longperiod range will behave as stiff structures, and subjected to increased base shear. Current IS code (IS: 1893 (Part1): 2002) does not account for this widening of the acceleration-sensitive region which occurs due to the effect of NFGM. This aspect should be incorporated in the IS code for designing structures located in the vicinity of seismically active faults in the Himalayan region.
Spectral characteristics of near-fault pulse-type ground motions due to the Uttarkashi and Chamoli earthquakes have illustrated that the IS code is deficient in addressing the long-period near-fault ground motions, particulary for the Himalayan regions. Therefore, the IS code needs modification, and the effect of NFGM in terms of increasing spectral amplitudes towards long-periods should be incorporated in the design spectrum. Be-cause of lack of sufficient number of near-fault recordings, the present study is unable to recommmend a specific design spectra for near-fault sites. In the future when sufficient data shall be available, it may be possible to arrive at a specific NFGM design spectra.
